Foetal animals of many species lay down glycogen in the liver during the latter part of gestation and those of some species also accumulate large amounts in the skeletal muscles (Shelley, 1960 (Shelley, , 1961 . In both tissues the concentration at term is usually higher than in the adult, but it falls to or below the adult level within a few hours of birth even in normal well-fed newborn animals. In most species the foetal heart also contains a high concentration of glycogen at term, which enables it to continue beating in conditions of extreme oxygen lack (Dawes et al., 1959; Mott, 1961) . Thus these carbohydrate reserves may be of considerable importance in enabling the newborn animal to survive the changes in food and oxygen supply which occur at birth. The present investigation was undertaken to determine to what extent this is also true for man.
Material and Methods
Tissue samples were collected from 14 fresh stillbirths (where the foetal heart had been heard during or shortly before delivery) and 116 infants who had died within two weeks of birth at three large hospitals. Whenever possible the samples were taken within 10 to 20 minutes of death, but more often it was necessary to wait for necropsy (usually one to three days later), the infant having been refrigerated within 20 to 30 minutes of death. It was hoped that the measurement of total carbohydrate rather than glycogen would minimize the effects of this delay; in six cases where samples were taken both shortly after death and at necropsy there was little difference in the carbohydrate content of the two sets of samples (Table I) . Biopsy samples of skeletal muscle were taken from 10 other infants during surgical operations for congenital malformations-for example, meningomyelocele, duodenal atresia, imperforate anus. ( Table II , in parentheses), and in both groups the liver carbohydrate concentration tended to be highest in infants where the period of hypoxia was thought to have been short. The skeletalmuscle carbohydrate concentration did not seem to be affected by acute hypoxia. In each group the concentration in the back muscles (latissimus dorsi or paravertebral) was similar to that in the leg muscles (Table II ), but that in the rectus abdominis and anterior intercostal muscles was usually rather lower, and that in the diaphragm was lowest of all (up to 13.5 mg./g. in the premature group and 21.5 mg./g. nearer term). The carbohydrate levels in the older infants varied not only with their maturity but also with their age and clinical history. Table III compares the levels in infants dying at 1-12, 13-25, and 26-54 hours after birth. Section A gives the mean values for infants with near-normal or depressed respiratory activity and section B those for infants with persistently laboured respiration. Both groups contained both premature and mature infants. Section A included 10 deaths attributable to extreme prematurity, three due to birth asphyxia, two to depressed respiratory activity and secondary atelectasis, one to primary atelectasis, two to pulmonary hypoplasia, one to a diaphragmatic hernia, one to a congenital heart defect, one to cardiac failure of unknown origin, one to erythroblastosis foetalis, and one undiagnosed death. Section B included 27 deaths from classical hyaline membrane disease (respiratory distress syndrome) and 10 infants who had been in severe respiratory distress for other reasons-for example, intra-alveolar pulmonary haemorrhage, inhaled amniotic debris, 02 resorption atelectasis.
In the infants with minimal respiratory distress ( days after birth, but the liver carbohydrate fell rapidly during the first few hours and then remained relatively constant at a mean value of 11 mg./g. The diaphragm carbohydrate also fell during the first few hours and was then unchanged, but the level in the leg muscles fell more slowly. A slow rate of fall similar to that in the leg muscles was observed in biopsy samples from the paravertebral or latissimus dorsi muscles of three infants, but the concentrations in the rectus abdominis muscles (both necropsy and biopsy material) approximated more closely to those in the diaphragm. A similar range of values to those on the second day was found in seven infants who died at 4-12 days of age as the result of kernicterus (1), congenital malformations, pneumonia, or acute cerebral haemorrhage, but two infants with chronic cerebral lesions (subdural or intraventricular haemorrhages which were thought to have occurred at birth) and depressed respiration still had foetal carbohydrate levels of 27-28 mg./g. in the diaphragm and 35-39 mg./g. in the leg muscles 6 to 12 days after birth.
The concentrations in the infants with severely laboured respiration (Table III B) were all lower than the corresponding levels in Table III A ; indeed, they were often so low that they could not be measured accurately and the values in Table III Table II suggest that, as in other species (Shelley, 1960 (Shelley, , 1961 , the carbohydrate concentration in the human foetal heart is higher than in the adult and that the concentration in the liver and skeletal muscles rises during the last third of pregnancy. Since acute asphyxia produces a rapid fall in cardiac and liver carbohydrate in foetal and newborn animals (Dawes et al., 1959 ; Stafford and Weatherall, 1960) , it is likely that the levels in the normal unasphyxiated human foetus are nearer the maximum values in Table II (Shelley, 1961) and to the cardiac glycogen concentration in fresh human material at 9-21 weeks' maturity (Villee, 1954) and in some post-mortem material (Wittels, 1963) . Whereas Wittels ignored the depleting effect of asphyxia and concluded that the cardiac glycogen concentration fell during the latter part of gestation, the present work suggests that it may be maintained at about 10 times the adult concentration right up to term. If, as in other species, the ability to survive anoxia is related to the cardiac glycogen concentration (Dawes et al., 1959 ; Mott, 1961) , this may partly explain the exceptional tolerance of the newborn infant to oxygen lack (Bullough, 1958) .
Data from fresh human material (Villee, 1954) suggest that liver glycogen begins to accumulate at about 10 weeks' maturity and has reached 20-40 mg./g. by [15] [16] [17] [18] [19] [20] weeks. Much lower concentrations were found in post-mortem material (Szendi, 1936) , but there was a steady increase right up to term. The present work suggests that the liver glycogen rises from 30 to 80 mg./g. or more during the last third of pregnancythus the level at term is probably about twice the usual adult concentration. The skeletal-muscle carbohydrate also doubled during the latter part of gestation, reaching levels three to five times the adult concentration at term. Similar changes were observed in foetal lambs and rhesus monkeys (Shelley, 1960 (Shelley, , 1961 .
Changes After Birth
In newborn animals reared under normal conditions the liver carbohydrate usually falls to about 10 mg./g. within two to three hours of birth, remains at this low level for several davs, and then rises gradually to adult levels (Shelley, 1961 But in many infants the levels fell still lower. Of 101 infants who died within 1 to 60 hours of birth, 74 had less than 3 mg./g. in at least one tissue-that is, the tissue glycogen was probably exhausted. In 21 infants one tissue only was affected (usually heart or diaphragm in infants dying within 12 hours of birth), 24 had two tissues affected (usually heart and liver or heart and diaphragm), 20 had three tissues affected (usually heart, liver, and diaphragm), and 9 had low carbohydrate levels in all tissues (usually infants who survived for more than 24 hours). While it could be argued that some of the low values were due to post-mortem changes, this is unlikely to be true of the liver, and lack of liver glycogen could well explain the high incidence of hypoglycaemia in newborn infants; blood samples taken within a few minutes of death from about half the infants in the present series often had a glucose content of less than 4 mg./100 ml. Similar blood glucose and liver carbohydrate levels have been observed in lambs and monkeys which had been asphyxiated at birth and then resuscitated (Dawes et al., 1963a) , and low cardiac carbohydrate concentrations are found in acute asphyxia (Dawes et al., 1959 (Dawes et al., , 1960 (Dawes et al., , 1963b Stafford and Weatherall, 1960) .
It is reasonable to suppose that skeletal-muscle carbohydrate could be completely depleted in vigorous muscular exercise and that this would explain the exceptionally low values in the diaphragm (Table III B ) and rectus abdominis muscles of infants dying in respiratory distress; the diaphragm glycogen fell more rapidly in piglets with distressed respiration than in normal controls (Glauser et al., 1962) and was completely depleted in a premature monkey with severe respiratory distress (Dawes et al., 1963a) . Low carbohydrate levels in leg muscle were found only in infants of less than 36 weeks' maturity, where the initial concentration was probably below that at term (Table II) , and in mature infants where there was reason to expect unusually low levels at birth, possibly due to placental insufficiency (dysmature infants, infants with grossly unhealthy placentas) or large size (cf. monkey No. 110, Dawes et al., 1960) .
Thus it is tempting to suggest that in some cases hypoglvcaemia and/or lack of glycogen in a vital organ (heart or diaphragm) may have been the ultimate cause of death. Whereas fat is undoubtedly an important source of energy in normal newborn infants, carbohydrate is probably more important when oxygen is short. But in these circumstances the pH of the blood and tissues is likely to be low and the intravenous administration of glucose alone may be ineffective or may lead to increased formation of lactic acid and a further fall in pH (Dawes et al., 1963b) . Therefore it is advisable not only to administer glucose but also to monitor and correct the arterial pH in infants where the' pulmonary ventilation is impaired.
Summary
Tissue samples from 14 fresh stillbirths and 116 infants who had died within two weeks of birth, and muscle-biopsy samples from 10 other infants, have been analysed for their total carbohydrate content.
The results obtained from infants dying within four hours of birth suggested that during the last third of pregnancy the foetal liver carbohydrate rises to about twice, and the skeletalmuscle carbohydrate to three to five times, the adult level. The carbohydrate concentration in the heart probably remains at about 10 times the adult level throughout this period.
The carbohydrate levels in the older infants varied with age, maturity, and clinical history. In infants with minimal respiratory distress the liver carbohydrate fell to about 10% of the level at term within a few hours of birth and the skeletal-muscle carbohydrate fell to adult levels; there was no abrupt change in cardiac carbohydrate. Much lower values were observed in infants with persistent respiratory distress and the diaphragm carbohydrate was usually exhausted.
Unexpectedly low carbohydrate levels were also observed in babies who were " small for dates " and in three exceptionally large babies.
The results are discussed in relation to other species and to their possible significance.
